INTRODUCTION
There is a growing interest in the use of high-strength materials to reduce dead loads and consequently increase span length. Not nearly enough research has been conducted on high-performance (HP) steel in comparison with highstrength concrete, however. HP steel conforming to ASTM A1035-07 1 has higher strength in comparison with conventional ASTM A615-06 Grade 60 2 steel, which may reduce the amount of required reinforcement. This could potentially reduce the costs of material and labor and relieve reinforcement congestion for future structures. The commercially available microcomposite multistructural formable (MMFX) steel, which conforms to ASTM A1035-07, 1 was chosen for this study. The objective of this study was to determine the feasibility of using HP steel as shear reinforcement for concrete members, particularly the member behavior under overload condition with the steel being at high stress levels. The research consisted of evaluating the behavior of beams reinforced with HP steel stirrups and longitudinal reinforcement, determining the ability of current design codes to predict the shear strength, assessing the capability of detailed analysis to predict the shear strength, and making design recommendations.
RESEARCH SIGNIFICANCE
The behavior of concrete members subjected to shear and reinforced with HP steel is not well defined. One concern is whether the high stress levels induced in the reinforcement may cause excessive cracking in the concrete. Another concern is how accurately the current design codes can predict the shear strength. This research complements the ongoing efforts at North Carolina State University and elsewhere to provide design guidelines for the use of HP steel in concrete structures.
EXPERIMENTAL INVESTIGATION Test specimens
The experimental program consisted of nine reinforced concrete beams divided into three main categories according to the type of reinforcing steel. The type of steel includes conventional ASTM A615-06 Grade 60 2 steel and ASTM A1035-07 1 steel. Within each category, the stirrup spacing varied to reflect a minimum, intermediate, and maximum level of shear reinforcement as allowed by ACI 318-05. 3 All beams had cross-sectional dimensions of 12 x 16 in. (305 x 406 mm), with a total length of 16 ft (4.88 m). In addition, all beams were provided the same longitudinal reinforcement ratio to keep the effect of dowel action constant. As a result, changes in the observed behavior could be attributed to either the HP steel or to the stirrup spacing. Two layers of three No. 9 (ϕ 29) bars were used in the bottom and one layer of three No. 9 (ϕ 29) bars was used in the top of the beam, with all stirrups of No. 3 (ϕ 10) bar size. The cross section is shown in Fig. 1 .
All transverse reinforcement contained closed stirrups with hooks extended by a distance of six bar diameters past the bend, as specified by ACI 318-05, 3 Section 7.1. Longitudinal steel in the bottom layers were designed with a 90-degree hook at the end of the bar to ensure proper anchorage. The test matrix given in Table 1 three specimens and differs based on the transverse reinforcement spacing. Within a given beam set, the specimens change based on the combination of reinforcing steel material used. Set 1 beams have a shear span-depth ratio (a/d) equal to 2.62, whereas beams in Sets 2 and 3 have an a/d equal to 3.08.
Material properties
The nine beams were fabricated using normalweight concrete with an aggregate size of 3/8 in. (9.5 mm). The average concrete compressive strengths at the day of testing ranged from 3900 to 4730 psi (27 to 33 MPa). The concrete compressive strength was determined by testing 4 x 8 in.
(102 x 204 mm) cylinders, which were cast for each beam set and cured under the same conditions as the beams. Tension coupons of the HP and Grade 60 steels were tested according to ASTM A370-07, 4 and the stress-strain relationships are shown in Fig. 2 . The HP steel experienced linear behavior until a stress level of approximately 80 ksi (552 MPa), followed by a negligibly small reduction in the elastic modulus up to 100 ksi (690 MPa), and then nonlinear behavior to a maximum strength of 172 ksi (1186 MPa) at 5% strain. The yield strength, per ACI 318-05, 3 Section 3.5.3.2, is based on strain at 0.35% and was 97 ksi (669 MPa). It should be noted, however, that the 0.2% offset method by ASTM computed the yield strength of HP steel to be 120 ksi (827 MPa). The yield strength of the Grade 60 steel was determined to be 62 ksi (427 MPa) based on strain at 0.35%.
Test setup and instrumentation
The test setup was designed so that each beam could be tested twice. It consisted of a single applied load located closer to one end of the beam, with a portion of the beam cantilevered off the far support. After completion of the first test, the beam was rotated to test the remaining unstressed portion. Figure 3 shows the test setup configuration for Sets 1, 2, and 3, respectively, whereas Fig. 4 is a photograph of a typical test. The loads were applied using a 220 kip (979 kN) capacity MTS hydraulic actuator supported by a steel testing frame, which was securely anchored to the strong floor. The load was then transferred through two steel loading plates, which were 1 in. (25 mm) thick by 5 in. (127 mm) wide. The beam was supported by steel plates measuring 1 in. (25 mm) thick by 6 in. (152 mm) wide, one with a steel roller in between, which served as a pin and roller condition for the tested beams. The support was located on the top of the concrete blocks, which were securely anchored to the strong floor.
The applied load was measured by a load cell while the crack widths, steel strains, and deflection were measured using PI gauges, electrical resistance strain gauges, and string pots, respectively. The PI gauges included two rosettes attached to the side of the beam to measure the crack widths and corresponding strains. Each rosette consisted of three 200 mm (7.87 in.) PI gauges, with one placed horizontally; one placed vertically; and one placed diagonally at a 45-degree angle. Two 100 mm (3.94 in.) PI gauges were also placed on the top surface of the beam, at either side of the loading plate, to measure the top concrete strain. An additional two 100 mm (3.94 in.) PI gauges and two string pots were placed on the bottom surface of the beam, directly below the load point, to measure the bottom concrete strain and deflection, respectively. Figure 5 shows the locations of the instrumentation.
TEST RESULTS Test results were examined to determine the behavior of beams reinforced with HP steel as transverse and longitudinal reinforcement compared with the behavior of beams reinforced entirely with Grade 60 steel. Detailed test results and discussion can be found elsewhere. 5 The nine beams were subjected to load that increased at approximately 15 kip (66.7 kN) increments until failure. Failure was identified when the measured maximum load had dropped by more than 20%. Table 1 shows the ultimate shear load for each beam, V exp .
Shear load-deflection behavior
The shear load-deflection curves of Set 1 beams are found in Fig. 6 , with the maximum measured deflections approximately equal to 0.7 in. (17.8 mm). These relatively small deflections are due to the type of failure, which was primarily in shear. The experimental results also indicate that the stiffness of a beam set was almost identical, regardless of the type of reinforcement. In general, increasing the transverse reinforcement ratio, by reducing the stirrup spacing, increases both the load-carrying capacity and deflection at failure. Using different types of longitudinal and transverse steel within a given beam set, however, only affects the ultimate load-carrying capacity.
Shear load-transverse strain behavior
Strain in the transverse (vertical) direction was measured using vertical PI gauges that were part of the strain gauge rosette configuration shown in Fig. 5 . The shear load versus transverse strain relationships for beam Set 2 are shown in Fig. 7 , which is typical behavior of all sets. The intersection of the tangent of the load-strain curve has been used to identify the initiation of the first shear crack. This load level estimated the concrete contribution to the overall shear resistance of the beam V c,exp . In general, the measured shear cracking load for all tested beams ranged from 25 to 30 kips (111 to 133 kN), which is approximately 2.5 bd using the measured f c ′ concrete compressive strength at the time of testing each beam. reinforcing bar. This behavior is illustrated in Fig. 8 , which shows the shear load versus the longitudinal strain and transverse strain as measured by strain gauges and PI gauges, respectively. Yielding of both the transverse and longitudinal steel allowed significant deformation at the nodal zone and lead to crushing of the concrete at the tip of the strut as shown in Fig. 9 .
The behavior of Beam C-M-4 remained fairly linear until the shear load level of 85 kips (378 kN), where the capacity appears to plateau. This is due to the characteristics of the HP steel, which has a much higher yield strain and strength in comparison to Grade 60 steel. Beam M-M-4, reinforced entirely with HP steel, behaved similarly to Beam C-M-4,
allowed the compression strain in the diagonal direction to reach its ultimate value and lead to crushing of the concrete at the nodal zone, as depicted in Fig. 9 . This mechanism is demonstrated by the nonlinear behavior before failure, as shown in Fig. 7 . These results indicate that failure was mainly due to the concrete and did not fully use the strength of HP steel shear reinforcement beyond 80 ksi (552 MPa).
Crack width behavior
Currently, the ACI Code neither limits the size of shear cracks nor provides a definitive guideline for the maximum flexural crack width. Commentary in the current ACI Code 318-05, 3 Section 10.6, however, suggests a value of 0.016 in. (0.41 mm) for the maximum flexural crack, which was therefore used in this study as the limiting value. The geometry of two PI gauges was used to determine the shear crack width, as detailed by Shehata 6 in the following equation where Δ D , Δ V , and Δ H are the measured PI gauge readings in the diagonal, vertical, and horizontal directions, respectively; θ is the measured crack angle to the horizontal beam axis; I g is the gauge length of the PI gauge (200 mm = 7.87 in.); and ε ct is the maximum tensile concrete strain (0.1 × 10 -3 ). The average crack width w can be calculated based on the summation of crack width and the number of cracks passing through the PI gauge rosette. In this analysis, the service loads are assumed to be 60% of the nominal shear capacity based on the ACI Code 318-05 3 with a yield strength of 60 ksi (414 MPa). This corresponds to a service load stress of 36 ksi (248 MPa) in the stirrups. The shear load-crack width relationships for beams with 3 in. (76 mm) stirrup spacing are given in Fig. 10 , which is typical behavior for all beams. The service load level based on 60% of V n , ACI is also given in the figure. Results indicate that all crack width values are less than the ACI limit of 0.016 in. (0.41 mm), regardless of the setup type or beam type. The two beams containing HP steel stirrups showed very small crack widths at the service load level in comparison with Beam C-C-3. This suggests that the direct replacement of conventional steel with HP steel significantly reduces the shear crack width at service load levels. The enhanced serviceability is believed to be from the better bond characteristics of HP steel due to their rib configuration. In comparison with conventional Grade 60 steel, the ribs on typical HP steel bars show increased deformation as calculated from the relative rib area. 7 Consequently, this would result in smaller cracks that are more widely dispersed. 8 Because test results indicate that HP steel stirrups reduce the shear crack width at a service stress of 36 ksi (248 MPa), using high-strength steel could allow for an increased service load level. Figure 11 shows a typical shear load-crack width relationship using a stirrup yield stress of 48 ksi (331 MPa), which is 60% of the 80 ksi (552 MPa) yield strength proposed for HP steel. Results indicate that using a service load corresponding to a service stress of 48 ksi (331 MPa) is acceptable for beams reinforced with HP steel stirrups. All beams reinforced with HP steel had smaller crack widths than beams reinforced entirely with conventional steel. In general, M-M beams had smaller crack widths at the higher service load level than C-M beams, although both types were within the 0.016 in. (0.41 mm) limit. Beam C-C-3 had measured crack widths slightly exceeding the specified limit, which shows that a higher service stress level cannot be achieved for beams entirely reinforced with conventional steel without concerns for unacceptable cracking.
Mode of failure
Despite the different a/d, every beam exhibited almost the same behavior during testing and up to failure. As expected, decreasing the stirrup spacing increased the overall shear capacity of the member. Similarly, reinforcing the member with longitudinal HP steel reinforcing bars provided additional flexural strength and increased the shear capacity.
The typical mode of failure observed was shear compression failure, regardless of the type or ratio of transverse reinforcement. Failure was controlled by crushing of concrete in the nodal zone of the diagonal strut, which did not fully utilize the strength of the HP steel stirrups beyond 80 ksi (552 MPa). This behavior suggests that pairing high-strength concrete with HP steel would take better advantage of the highstrength characteristics of the HP steel. For C-C beams, failure occurred after yielding of both the longitudinal and transverse reinforcement, which allowed significant deformation in the nodal zone and lead to crushing of the concrete at the tip of the diagonal strut. Beams reinforced entirely with HP steel, M-M, behaved similarly to C-M beams, although they were better able to control crack width at a given load level due to the HP longitudinal steel. For both C-M and M-M beams, failure occurred once the compression strain in the diagonal direction reached its ultimate value and led to crushing of the concrete at the nodal zone.
Cracking pattern
Initiation of the first flexural cracks typically occurred at an applied load level of 15 kips (66.7 kN). Increasing the applied load caused propagation of the cracks and initiation of new flexural cracks along the span. Further load increase extended the existing flexural cracks into flexure-shear cracks. After formation of the flexure-shear cracks, increasing the applied load caused an extension of the shear cracks and an increase of crack width within the span. In all cases, failure occurred due to local crushing of the concrete at the tip of the compression strut, which was close to the edge of the loading plate, as shown in Fig. 9 . In general, failures of the tested beams were not explosive in nature. The applied load was maintained for significant deformation up to failure, as evidenced by the measured strain plateau for all beams.
The cracking pattern at each load level was almost the same for all three beams of a given set. Beams reinforced entirely with HP steel longitudinal and transverse steel, however, typically had a larger number of small cracks dispersed along the span length than the other beams. This further suggests that the use of HP steel has the capability to distribute cracks and control crack width in comparison with conventional Grade 60 reinforcement.
Effect of steel type
The effect of the steel type is shown in Table 1 by comparing the measured maximum shear load V exp for beams with the same stirrup spacing and thus the same transverse reinforcement ratio. In this table, the measured shear strength was normalized with respect to the square root of bd to 10 bd, which is close to the maximum shear capacity range allowed by the ACI Code, Section 11.5.7.9, for a reinforced concrete section. Therefore, the current limit of 10 bd suggested by the ACI Code should be maintained for HP steel because failure was controlled by the concrete compressive strength rather than yielding of the stirrups. The column labeled "% Relative Increase" relates the percentage increase in shear strength of a beam to the previous beam in the same set. The column labeled "% Total Increase" relates the percentage increase in shear strength of beams C-M and M-M, respectively, to Beam C-C within the same set.
In general, test results only indicate a small increase in the shear-carrying capacity due to the use of high-strength stirrups. This behavior is due to the fact that Grade 60 steel was substituted bar for bar in the design, rather than using the high strength of HP steel. Also, the shear failure was controlled by crushing of the concrete strut and not yielding of the stirrups. The slightly higher strength capacity measured for the second and third sets were due to the longer a/d used for testing. The use of a larger a/d increases the ratio of the applied moment to shear, thereby making shear less critical. This load configuration allows more utilization of the shear reinforcement and causes a slight increase of shear resistance within the beam. In all beam sets, substitution of HP steel longitudinal reinforcement provided additional flexural resistance and therefore increased the overall capacity before failure.
Effect of stirrup spacing
To identify the effect of stirrup spacing, the normalized shear stress versus the measured transverse strain for beams completely reinforced with HP steel is shown in Fig. 12 , which is typical of all beam-type behavior. In general, the behavior indicates that using a closer stirrup spacing increases the overall shear capacity of the beam. Furthermore, using a smaller spacing reduces the transverse strain at any given load level.
Code predictions
The maximum measured shear load V exp was compared with the predictions using the ACI 318-05 Code, 3 the Canadian Standards Association (CSA A23.3-04) Code, 9 and AASHTO LRFD Bridge Design Specifications, 10 as shown in Table 2 . Based on the analysis, the CSA code gives the closest predictions to the measured shear capacity. The average measured-predicted shear ratio for the CSA is 1.22, compared with 1.32 for the ACI-318 and 1.36 for the AASHTO. Using ACI Eq. for the concrete contribution V c resulted in predictions almost equal to those of the CSA. It should be noted that all predictions for beams reinforced with HP steel stirrups used a yield strength of 80 ksi (552 MPa). The results indicate that the ACI 318-05 3 can conservatively predict the shear capacity of beams reinforced with HP steel stirrups up to a yield strength of 80 ksi (552 MPa).
Most of the current codes do not adequately account for the yield strength of the longitudinal reinforcement. This is evidenced by the predictions of the M-M shear strengths, which are shown to be equal to, or less than, C-M. Whereas the codes can only discern differences between the two beams based on the concrete compressive strength, measured values indicate that beams with HP steel longitudinal reinforcing bars have higher strengths than beams reinforced with conventional reinforcing bars as given in Table 1 .
ANALYTICAL MODELING
The nine reinforced concrete beams were modeled using the program Response 2000 (R2K). 11 This program allows users to analyze beams and columns subjected to moment, shear, and axial loads comprising virtually any type of beam geometry, material types, and material properties. The fundamental theory supporting the program is the modified compression field theory (MCFT). 12 To accurately model the material properties of the reinforcing steel, the actual stress-strain characteristics of both the conventional Grade 60 and HP steels were input to the program.
Member response analysis and sectional analysis were both used in R2K to predict the behavior of the beams. Member response calculates the full member behavior including the deflection and curvature along the member length, as well as predicted failure modes. The analysis was performed by specifying the "length subjected to shear" and any constant moment region. For this research, the constant moment region was zero whereas the shear span was 34, 40, and 40 in. (864, 1016, and 1016 mm) for Sets 1, 2, and 3, respectively.
When predicting the strength of a beam in sectional analysis, the key parameter is selecting the location of the section. As recommended by Bentz 13 that distance was selected at a distance from the concentrated load, which can be taken as 0.9d. The regions within a length d v to a discontinuity (D-region) do not follow the strain compatibility assumption. The MCFT, and consequently Response 2000, assumes that a linear strain relation within the section is applicable. As a result, 
